high D 13 CH 3 D values at CROMO suggest that methane here could be sourced from a mixture of thermogenic and microbial methane. Alternatively, lower H 2 availability at CROMO, compared with The Cedars (table S4) , may support microbial methanogenesis under near-equilibrium conditions (Fig. 4) . Regardless, the different isotopologue signatures in methane from CROMO versus The Cedars demonstrate that distinct processes contribute to methane formation in these two serpentinization systems.
21. B. L. Bates, J. C. McIntosh, K. A. Lohse, P. D. Brooks, Chem.
Geol. 284, 45-61 (2011 S tatistical thermodynamics predicts that heavy isotopes will be bound together in a molecule more often than predicted by chance alone, provided the system is at isotopic equilibrium (1, 2) . This preference for heavy-isotope pairing and its variation with temperature forms the basis of clumped-isotope thermometry (3-5), a class of approaches based on precise measurements of molecules containing more than one rare isotope. When isotope-exchange reactions facilitate the equilibration of heavyisotope pairs, the resulting isotopic distribution has indeed been shown to achieve equilibrium across a wide range of temperatures (4, (6) (7) (8) ; however, isotopic equilibrium is the exception rather than the rule in nature. Biogenic substances, for example, are often formed through irreversible enzymatic reactions for which isotopeexchange equilibrium cannot be expected a priori. Yet, many natural materials with kinetically constrained and/or biological origins (e.g., carbonate shells) show only minor departures from equilibrium isotope fractionation (9) (10) (11) . Large biological and physical effects on heavy-isotope pairing could complicate the interpretation of emerging clumped-isotope thermometers in methane, O 2 , and other candidate systems (4, 5, 12) .
Here, we consider photosynthetic O 2 formation from water at the oxygen-evolving complex of Photosystem II (OEC). In the OEC, O-O bond formation occurs at the end of a five-step lightdependent sequence (Fig. 1 ). This reaction most likely does not equilibrate O-O isotope pairs given the lack of isotopic equilibration between water and the O 2 produced (13-16). We argue that the tendency for two heavy oxygen isotopes to be bound together during oxygenic photosynthesis reflects primarily the isotopic preferences of water molecules binding to the OEC. We conducted a closed-system terrarium experiment with six water hyacinths (Eichhorniae crassipes) to explore the effects of biological oxygen cycling on five isotopologues of O 2 (17 (4)] and down past equilibrium values at 25°C (1.5‰ and 0.8‰, respectively), finally approaching an apparent isotopic steady state at the stochastic distribution of isotopes (D 36 = -0.01 T 0.08‰, and D 35 = 0.0 T 0.1‰; 1 SEM, n = 4). The plant community shifted to an algae-dominated ecosystem during the first 6 months, altering the isotopic, chemical, and physical properties of the terrarium ( fig. S1 ). However, the clumped-isotope composition of the headspace O 2 evolved steadily toward its apparent steady state, similar to the evolution of the oxygen triple-isotope composition. Steadystate D′
17
O values were 165 parts per million (ppm), consistent with those reported in similar experiments (22, 23) .
Dark incubations of the terrarium, which consumed up to 35% of the headspace O 2 , caused D 36 values to increase linearly with time up to~1‰ (Fig. 2) . The D 35 values, in contrast, remained generally constant (means of D 35 = 0.1 T 0.1‰ and 0.1 T 0.05‰; 1 SD). Returning to light-dark cycles restored the clumped-isotope composition to its apparent steady-state value after 6 months (D 36 = -0.09 T 0.06‰, and D 35 = 0.0 T 0.1‰; 1 SEM, n = 3). To test the veracity of these measurements, headspace O 2 samples drawn from both light and dark incubations were photolytically equilibrated at known temperatures (4 (24, 27) to examine the sensitivity of the terrarium headspace to changes in those quantities. The oxygen triple-isotope composition of the terrarium water was measured and used as the bulk isotopic composition of photosynthetic O 2 (13, 15, 17) . No single set of parameters explained all of the isotopic variations during the entire experiment, likely due to the evolving biological community, so we focus on isotopic variations at steady state and during dark incubations. (Fig. 2) . The evolution of D 36 and D 35 is also more robust to imbalances in the O 2 cycle (17). Other oxygen-consumption mechanisms, such as sulfide oxidation, could impart additional isotopologue signatures (28) , so attributing isotopologue discrimination in the dark to a single process is necessarily a simplification. Indeed, the implied mass dependence of O 2 consumption in the dark terrarium is unusual, and it merits further investigation (17) . A detailed understanding of isotopologue fractionation factors will require more controlled experiments of isolated biological and physical processes. Yet, the specific isotopologue discrimination during dark incubations does not affect the conclusion that photosynthesis generates O 2 with an "anticlumped" isotopologue distribution (i.e., D 36 ≤ 0 and D 35 ≤ 0). This biological signature in O 2 may be readily observed in the surface ocean, where it could be used to constrain gross primary productivity by exploiting the contrast between biological and atmospheric O 2 clumped-isotope signatures (29) . Isotopic ordering in atmospheric O 2 is relatively unaffected by biological O 2 cycling because photochemical equilibration of O 2 exceeds rates of biological cycling by at least a factor of 100 (4, 30). Using a biological endmember composition of D 36 = 0, we calculate that biological effects on the tropospheric D 36 budget are therefore most likely on the order of 0.01‰.
Our observations indicate that variations in the isotopologue abundance of even simple molecules like O 2 capture the chemistry of complex natural systems. Broader application of these techniques could yield insights into the mechanisms of biomolecule synthesis, e.g., methanogenesis, nitrogen reduction during denitrification, and molecular hydrogen release during nitrogen fixation (31) . Moreover, because clumped-isotope signatures can depend only on isotope fractionation factors and not on the isotopic composition of substrates, a new class of reservoir-insensitive approaches for tracing biogeochemical cycling could emerge from these molecular-scale insights. Fig. 2 * † This paper examines the success of peer-review panels in predicting the future quality of proposed research. We construct new data to track publication, citation, and patenting outcomes associated with more than 130,000 research project (R01) grants funded by the U.S. National Institutes of Health from 1980 to 2008. We find that better peer-review scores are consistently associated with better research outcomes and that this relationship persists even when we include detailed controls for an investigator's publication history, grant history, institutional affiliations, career stage, and degree types. A one-standard deviation worse peer-review score among awarded grants is associated with 15% fewer citations, 7% fewer publications, 19% fewer high-impact publications, and 14% fewer follow-on patents.
I n 2014, the combined budgets of the U.S. National Institutes of Health (NIH), the U.S. National Science Foundation, and the European Research Council totaled almost $40 billion. The majority of these funds were allocated to external researchers whose applications were vetted by committees of expert reviewers. But as funding has become more competitive and application award probabilities have fallen, some observers have posited that "the system now favors those who can guarantee results rather than those with potentially path-breaking ideas that, by definition, cannot promise success" (1). Despite its importance for guiding research investments, there have been few attempts to assess the efficacy of peer review.
Peer-review committees are unique in their ability to assess research proposals based on deep expertise but may be undermined by biases, insufficient effort, dysfunctional committee dynamics, or limited subject knowledge (2, 3) . Disagreement about what constitutes important research may introduce randomness into the process (4). Existing research in this area has focused on understanding whether there is a correlation between good peer-review scores and successful research outcomes and yields mixed results (5-7). Yet raw correlations do not reveal whether reviewers are generating insight about the scientific merit of proposals. For example, if applicants from elite institutions generally produce more highly cited research, then a system that rewarded institutional rankings without even reading applications may appear effective at identifying promising research.
In this paper, we investigate whether peer review generates new insights about the scientific quality of grant applications. We call this ability peer review's "value-added." The value-added of NIH peer review is conceptually distinct from the value of NIH funding itself. For example, even if reviewers did a poor job of identifying the best applications, receiving a grant may still improve a researcher's productivity by allowing her to maintain a laboratory and support students. Whereas previous work has studied the impact of receiving NIH funds on the productivity of awardees (8, 9), our paper asks whether NIH selects the most promising projects to support. Because NIH cannot possibly fund every application it receives, the ability to distinguish potential among applications is important for its success.
We say that peer review has high value-added if differences in grants' scores are predictive of differences in their subsequent research output, after controlling for previous accomplishments of the applicants. This may be the case if reviewers generate additional insights about an application's potential, but peer review may also have zero or even negative value-added if reviewers are biased, mistaken, or focused on different goals (10) .
Because research outcomes are often skewed, with many low-quality or incremental contributions and relatively few ground-breaking discoveries (2, 11), we assess the value-added of peer review for identifying research that is highly influential or shows commercial promise. We also test the effectiveness of peer review in screening out applications that result in unsuccessful research (see the supplementary materials for full details on data and methods).
NIH is the world's largest funder of biomedical research (12) . With an annual budget of approximately $30 billion, it supports more than 300,000 research personnel at more than 2500 institutions (12, 13) . A funding application is assigned by topic to one of approximately 200 peer-review committees (known as study sections).
Our main explanatory variable is the "percentile score," ranging from 0 to 100, which reflects an application's ranking among all other applications reviewed by a study section in a given fiscal year; lower scores correspond to higher-quality applications. In general, applications are funded in order of their percentile score until the budget of their assigned NIH institute is exhausted. The average score in our sample is 14.2, with a standard deviation (SD) of 10.2; only about 1% of funded grants in our sample had a score worse than 50. Funding has become more competitive in recent years; only 14% of applications were funded in 2013.
